Introduction
Histone deacetylation plays a critical role in the epigenetic regulation of gene expression as chromatin structure can influence gene expression [1] . Condensed DNA that is wound around non-acetylated histones is transcriptionally inactive, while acetylated histone induces a conformational change that allows transcription factors access to DNA and allows transcriptional activity to occur. An interplay between histone acetyl-transferases (HATs) and histone deacetylases (HDACs) participates in the interconversion between permissive and repressive chromatin structures, modulating transcription regulating factor binding to the DNA template. HATs promote transcriptional activity
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Introduction Vorinostat is a small molecule inhibitor of class I and II histone deacetylase enzymes which alters the expression of target genes including the cell cycle gene p21, leading to cell cycle arrest and apoptosis. Methods Patients enrolled in a phase I trial were treated with vorinostat alone on day 1 and vorinostat and bortezomib in combination on day 9. Paired biopsies were obtained in eleven subjects. Blood samples were obtained on days 1 and 9 of cycle 1 prior to dosing and 2 and 6 h post-dosing in all 60 subjects. Gene expression of p21, HSP70, AKT, Nur77, ERB1, and ERB2 was evaluated in peripheral blood mononuclear cells and tissue samples. Chromatin immunoprecipitation of p21, HSP70, and Nur77 was also performed in biopsy samples. Results In peripheral blood mononuclear cells, Nur77 was significantly and consistently decreased 2 h after vorinostat administration on both days 1 and 9, median ratio of gene expression relative to baseline of 0.69 with interquartile range 0.49-1.04 (p < 0.001); 0.28 (0.15-0.7) (p < 0.001), respectively, with more pronounced decrease by catalyzing the acetylation of N-terminal histone lysine residues, while HDAC activity results in chromatin condensation and silencing of various genes. HDAC-dependent silencing of gene repressors can also result in increased transcription of other genes [2] .
Vorinostat (suberoylanilide hydroxamic acid (SAHA) or MK-0683, Zolinza ® , Merck, Whitehouse Station, NJ) is a small molecule inhibitor of class I and II HDAC enzymes, which enhances the gene expression of target genes. Vorinostat is currently approved for the treatment of cutaneous T-cell lymphoma and has been shown in vitro to promote cell cycle arrest and apoptosis [3] . Vorinostat causes upregulation of the cell cycle gene p21, leading to cell cycle arrest and inhibiting differentiation [4, 5] in cell lines. Conversely, AKT, a downstream target of p21, has been shown to be downregulated by vorinostat [6] .
Nur77 is a transcriptional factor in the nuclear receptor superfamily, which is induced by growth factors and mitogens, and its overexpression is associated with growth inhibition and apoptosis. Although Nur77 is induced by a variety of factors, very few target genes for Nur77 have been identified. However, Yoon and colleagues recently demonstrated that p21 induction was Nur77 dependent in a pancreas cancer cell model [7] .
In addition, a number of nonhistone substrates have been identified and implicated in the antitumor activities of HDAC inhibitors, including molecular chaperones, such as heat shock protein 70 (HSP70), which is induced after treatment with HDAC inhibitors [8] , and avian erythroblastosis oncogene B (ErbB), which is downregulated by vorinostat [9] .
In vitro studies have also demonstrated synergistic activity between vorinostat and bortezomib [10, 11] . Bortezomib may interact with vorinostat by disrupting multiple cytoprotective signaling pathways and by shifting the balance toward their stress-related counterparts, which may trigger mitochondrial damage, caspase activation, p21 and eventually lead to irreversible engagement of the apoptotic cascade.
The purpose of this study was to evaluate the in vivo influence of vorinostat alone and in combination with bortezomib on known apoptotic targets.
Methods

Dosing
In this study, vorinostat was administered on two dose escalation schedules, Step A and Step B, respectively. In Step A, vorinostat (400 mg daily) was administered orally on days 1-14. During cycle 1, increasing doses of bortezomib (0.7-1.5 mg/m2) were administered as an IV bolus on days 2, 5, 9, and 12. This dosing schedule was to allow evaluation of gene expression induction by vorinostat alone (day 1) and in combination with bortezomib (day 9). In Step B, vorinostat (200-300 mg) was administered orally twice daily on days 1-4 and 8-11 along with increasing doses of bortezomib (1-1.3 mg/m 2 ).
Sample collection
Paired biopsies were obtained in 11 subjects enrolled in the phase I trial combining vorinostat and bortezomib conducted at the University of Wisconsin. Core needle biopsies were obtained at baseline and within 2 h of vorinostat dosing on day 1 and day 9 of cycle 1. Biopsies were flash frozen in liquid nitrogen and stored at −70 °C until analysis. Blood samples were also obtained in RNA Paxgene tubes on days 1 and 9 of cycle 1 prior to dosing and 2 and 6 h post-dosing for the analysis of gene expression in all 60 subjects. Samples were stored at −70 °C until analysis. The Health Sciences Institutional Review Board of the University of Wisconsin approved this trial prior to their implementation, and all patients gave informed written consent.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) using the antihuman acetyl-histone H3 (K9/K14) antibody was performed on tumor tissue biopsies with the ExactaChIP TM Human acetyl-Histone H3(K9/K14) Chromatin Immunoprecipitation Kit from R&D systems as recommended by the manufacturer [12] . This ExactaChIP kit is designed to immunoprecipitate acetyl-histone H3 (K9/K14)-DNA complexes and to allow for the rapid PCR detection of acetyl-histone H3 (K9/K14)-bound DNA fragments. Protein-DNA complexes were fixed by formaldehyde crosslinking, the chromatin was sheared by sonication, and the protein of interest was immunoprecipitated, bringing along the protein-bound DNA fragments, which were then detected by PCR. The following oligonucleotide pairs were used in the ChIP assays: p21 promoter, 5′-GCTGGCCTGCTGGAACTC-3′/5′-GGCAGCTGCT CACACCTC-3′; Nur77 promoter, 5′-TCACGCGCGC AGACATTCCA-3′/5′-CACCTCTTAAGCGCTCCGT GA-3′; Hsp70 promoter, 5′-CCATGGAGACCAACACCC T-3′/5′-CCCTGGGCTTTTATAAGTCGT-3′.
Gene expression
RNA was extracted from RNA PAXgene tubes using PAXgene Blood RNA Kit (Qiagen, Valencia, CA). The RNA was reverse transcribed into cDNA using iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). NanoDrop (Wilmington, DE) spectroscopy was used to quantify cDNA concentration. Dilutions were made with nucleasefree water (Ambion, Austin, TX) to bring the final concentration to approximately 35 ng/μL.
Gene expression quantification was performed using the iCycler iQ Real-Time PCR detection system (Bio-Rad, Hercules, CA). Product-specific primer and probe combinations were used to amplify the genes of interest. A reference gene (YWHAZ) was included in each reaction. Probes were tagged with various fluorophores and Black Hole Quenchers (Biosearch Technologies, Novato, CA). Dark quenchers on a probe prevented fluorescence until the probe anneals with its target sequence. The volume of each qPCR was 25 μL, which included 2.0 μL of template cDNA, 7.5 pmol of each primer and probe (Integrated DNA Technologies, Coralville, IA), and 12.5ul of iQ Multiplex Powermix (Bio-Rad, Hercules, CA). The iQ Multiplex Powermix contains dNTPs, 11 mM MgCl2, iTaq DNA polymerase, and stabilizers. The thermal-cycler program consisted of 3 cycles: (1) 5 min at 95 °C, (2) 15 s at 95 °C followed by 30 s at 55 °C, and (3) 1 min at 60 °C. Cycle 2 was repeated 45 times. The specificity of RT-PCR was controlled by a non-template control.
Gene expression levels were determined using iQ5 software (Bio-Rad, Hercules, CA). Expression was normalized using YWHAZ as a reference gene, and the first time point was used as the baseline.
Validation summary
Prior to the multiplex reactions, a singleplex SYBR Green reaction with melt curve was used to validate the forward and reverse primers. The product of the SYBR Green reaction was run out on a 2 % Agarose (Fisher, Fair Lawn, New Jersey) gel along with pGEM DNA Marker (Promega, Madison, WI) to verify the presence of a single product of the correct size. For multiplex reactions, a six step dilution series (1-32 ng/μL) of HepG2 was run in duplicate as a standard curve on each of the plates. The mean coefficient of determination (r2), r2 range, and mean threshold cycle range were calculated from the standard curve for each gene. Correlation coefficients for each gene target ranged from 0.980 to 0.994.
Statistical analysis
Gene expression values were summarized with medians and interquartile range (IQR) of the ratios of gene expression relative to baseline. In order to examine whether there was a change in gene expression from baseline, Wilcoxon signed-rank test was used to test the null hypothesis that the median ratio is 1, indicating no change from baseline. For the correlation analysis between Cmax/dose, AUC, and gene expression, Spearman's rank correlation coefficient (r) was calculated along with 95 % CI. All statistical tests were two-sided, and p < 0.05 was used to indicate statistical significance. Due to the exploratory nature of this study, no adjustments for multiple comparisons were made. Statistical analysis was performed using SAS ® (SAS Institute Inc., Cary, North Carolina) version 9.2 software.
Results
Vorinostat inhibits Nur77 and p21 gene expression in PBMCs
Transcriptional regulation of target genes was evaluated in peripheral blood mononuclear cells (PBMCs) before administration of vorinostat, as well as 2 and 6 h after administration of vorinostat on days 1 and 9 of cycle 1, when bortezomib was also administered. All 60 subjects had data available for day 1, and 47-49 subjects had data available for day 9. Paired biopsies were evaluated in eleven subjects, although one of the subjects DNA did not amplify and was excluded from analysis.
In PBMCs, Nur77 expression was significantly decreased on both day 1 and day 9, 2 h after vorinostat administration relative to baseline, with median ratio of 0.69 (IQR: 0.49-1.04) (p < 0.001); 0.28 (0.15-0.7) (p < 0.001), respectively, with more a pronounced decrease on day 9. There was a trend for induction of p21 on day 1, 2 h after vorinostat administration relative to baseline samples [1.07 (0.85-1.34) (p = 0.09)], while it was significantly decreased on day 9, 2 and 6 h after administration of vorinostat and bortezomib, 0.67 (0.41-1.03) (p = 0.005) versus 0.44 (0.25-1.3) (p = 0.007), respectively (See Table 1 ). HSP70 gene expression was significantly higher after treatment with vorinostat, 2 h after vorinostat administration on day 1, 1.38 (1.1-1.63) (p < 0.001), but not statistically significantly higher on day 9, 1.21 (0.77-1.49). It appears that AKT remained nominally low with statistical significance only on day 9, 2 h administration of vorinostat and bortezomib, 0.83 (0.55-1.17) (p = 0.032). Statistically significant induction of Erbb1 expression was not observed at any time points. Higher gene expression of Erbb2 was seen on day 1, 6 h after vorinostat administration, 1.23 (0.78-1.85) (p = 0.036); however, this was not shown on day 9.
As part of this clinical trial, vorinostat and plasma concentrations of its metabolites were evaluated and have been previously reported [12] . Correlations between Cmax/ dose and AUC of vorinostat, vorinostat glucuronide and 4-anilino There were no significant differences in expression in any of the targets between baseline and day 9 biopsy samples (see Table 1 ). Correlations between gene expression from PBMC and tissue were examined on day 9 after vorinostat dosing, demonstrating that Nur77 [n = 9; r = −0.78 (−0.95, −0.2)] and AKT [n = 9; r = −0.81 (−0.95, −0.26)] PBMC expression 6 h after dosing was inversely correlated with day 9 biopsy expression, p = 0.013 and 0.009, respectively. p21, HSP70, Erbb1, and Erbb2 expression was not correlated between tissue and PBMC samples. Analysis of biopsy samples was limited by a small number of samples and variability in gene expression.
Chromatin precipitation in paired tumor biopsies
Data for all twelve subjects are included in the ChIP results (see Fig. 1a-c) . The ChIP assay demonstrates a protein-DNA interaction, in this case interaction of Nur77, HSP70, and p21 with acetylated histone H3, which is transcriptionally active, at baseline and at day 9 after treatment with vorinostat in tissue biopsies.
Three patients had no transcriptional activation of Nur77 at baseline, with one patient having activation by day 9. Two patients had no activation at either time point (patient 4 and 7). Four subjects (Patients 3, 10, 11, 12) had decreases in activation by day 9, with two patients staying the same and one (patient 6) appearing to have an increase.
Effects of vorinostat on Nur77 were inconsistent, with two subjects increasing, four decreasing, two without any expression, and three staying about the same.
Four of 11 subjects had no transcriptional activation of p21 at baseline, and two of these (patient 5 and 6) had activation by day 9, showing clear evidence that vorinostat increases transcription of p21 for these two patients. Two patients had no activation at either time point (patients 4 and 7). The other seven subjects had transcriptional activation at baseline, with six of these patients having either small increases or stable expression levels, and one (patient 9) appearing to have a small decrease. Overall, 8 of 11 subjects had either increased or consistent transcriptional activation of p21 after vorinostat treatment.
Two patients had no transcriptional activation of HSP70 at baseline, with one patient having activation by day 9. One patient had no activation at either time point (patient 7). The other nine subjects had transcriptional activation at baseline, with eight of these patients having either small increases or stable levels, and one (patient 4) appearing to have a small decrease. Similar to p21, 9 of 11 subjects had either increased or consistent transcriptional activation of HSP70 after vorinostat treatment.
Discussion
These results clearly demonstrate in vivo that Nur77 is transcriptionally downregulated by vorinostat, with consistent and statistically significant decreases in gene expression at most time points in PBMCs. p21 was only induced at the earliest time point, 2 h after vorinostat administration, and since its expression is Nur77 dependent [6] , this is an expected result. Likewise, AKT, a downstream target of p21, was also downregulated at later time points. These findings stand in contrast to prior in vitro evaluations, where treatment with histone deacetylase inhibitors, like vorinostat [4, 5] and panobinostat [8] , resulted in upregulation of Nur77 [8] and p21 [4, 5] , which are proapoptotic and are one of the postulated mechanisms of action HDAC inhibitors. However, upregulation was observed in transformed cell lines and in cutaneous T-cell lymphoma cells. When Chen and colleagues evaluated Nur77 transcription in normal CD34+ cells treated with panobinostat, no upregulation of Nur77 or apoptosis was observed. Thus, our results are consistent with lack of upregulation of Nur77 transcription in normal hematologic cells and may explain the mechanism behind the lack of clinically significant neutropenia observed with HDAC inhibitors, despite having substantial activity in treating cutaneous T-cell lymphoma. HSP70 is a co-chaperone for HSP90 and is required for recruitment of substrates, including AKT, and is known to have anti-apoptotic and cytoprotective functions [13, 14] . Prior in vitro data have demonstrated induction of HSP70 by vorinostat [15] , and in our data, HSP70 is also induced at the earliest time point, 2 h after vorinostat treatment. HSP90 is a known target of vorinostat and is inhibited in vitro by vorinostat [16] treatment, while HSP70 is known to be induced by HSP90 inhibition [13, 14, 17] . Therefore, it was initially unclear whether the induction of HSP70 observed in our subjects was a direct effect of vorinostat or caused by inhibition of HSP90. However, our chromatin immunoprecipitation data suggest that vorinostat interacts directly at the transcriptional level to induce HSP70 gene expression. Given the anti-apoptotic effects of HSP70 induction, we suggest this as a potential mechanism of vorinostat resistance, which should be further evaluated.
All of the quantitative data analyses were performed based on a complete-case analysis with the assumption of non-informative missing data. There were 11-13 subjects whose gene expression data were not available on day 9. As their gene expression levels on day 1 were not significantly different from other subjects available for day 1-9, bias due to these missing data is expected to be minimal in this study (data not shown). The primary mechanism of vorinostat is thought to be induction of apoptosis by inducing p21 to halt the cell at the G1 checkpoint [4] [5] [6] . Gene expression changes were not observed in tissue biopsies, most likely related to tumor heterogeneity and small sample size. Qualitative evidence for transcriptional activation of proapoptotic genes is provided by the chromatin immunoprecipitation, showing that there is an interaction, although variable, between Nur77, p21, and HSP70 and acetylated H3 in most patients before and after treatment with vorinostat and that in some cases increases are observed after treatment. Our data support induction of p21 through transcriptional activation as the primary anticancer mechanism of vorinostat at least for some patients.
Conclusion
Vorinostat inhibits Nur77 expression, which in turn may decrease p21 and AKT expression in PBMCs. The influence of vorinostat on target gene expression in tumor tissue was variable; however, most patients demonstrated interaction of acetylated H3 with Nur77, HSP70, and p21 which provides in vivo evidence of interaction with the transcriptionally active acetylated H3 as a mechanism of vorinostatinduced apoptosis.
